Indium tin oxide (ITO) thin films have been successfully prepared by a solution process followed by a multi-annealing method. In this study, we focus on the use of multi-annealing method, for which each layer was annealed at a suitable temperature, instead of a conventional annealing way, by means of a rapid thermal annealing system, in order to improve the film quality. The crystalline structure and surface morphology of the ITO thin films were investigated by using X-ray diffraction (XRD) spectrometer, atomic force microscope (AFM) and scanning electron microscope (SEM). It has been obtained that all of ITO films exhibit a single phase with (222)-and (440)-preferred orientations. The AFM and SEM observations show that the particle size of ITO films was about 10 nm and the ITO film thickness was 180 nm, respectively. In sequence, the electrical properties of ITO thin films were evaluated by using four-point probe and Hall effect measurement methods, and the optical properties were investigated by UV/VIS spectrometer. The results show that the best ITO films have electrical resistivity of 2.6 × 10 -3 Ω.cm and transparency higher than 90 %, which strongly supports to the application of electrode in solar cell, LED or transistor devices from viewpoints of low-cost production and low-energy consumption.
INTRODUCTION
Transparent conducting oxide (TCO) thin films have been extensively studied because of their high electrical conductivity and optical transparency. They are used in photo electronic devices such as solar cell, flat panel display, and organic light emitting diode. As known as a typical TCO thin film, indium tin oxide (ITO) is a wide gap semiconductor with a relatively low resistivity, and extensively used as a transparent material in the visible spectrum range [1 -5] . In general, ITO thin films have been fabricated by various methods such as electron beam evaporation [1] , RF magnetron sputtering [2] , pulsed-laser deposition [3] , spray-pyrolysis [4] and sol-gel method [5 -9] . Among these methods, the sol-gel route offers some advantages, which are suitable for an ease-to-fabricate process, because it is low-cost, quick, and rarely affected by environmental factors. However, we found that the ITO thin films fabricated by solgel technique using conventional annealing easily get a strongly cracked surface. Hence, in this work, we have also prepared ITO thin films by sol-gel technique, but using multi-annealing method, instead of the conventional one, to expect that their quality can be improved without any cracks.
EXPERIMETAL METHODS
First, SiO 2 /Si substrates with 10 × 10 mm 2 in plane dimensions were cleaned and dried in acetone and fresh air blower, respectively. Second, the SiO 2 /Si substrates were dropped with 10%-tin-doped indium oxide precursor onto their surface, and then rotated with speed of 2000 rpm. Third, the samples were hot-dried in air at 150 o C for 1 min, and dried at 250 o C for 5 min. Finally, the ITO thin film samples were annealed by using multi-annealing technique, of which each layer was crystallized at a suitable temperature using a rapid thermal annealing (RTA) furnace before covering a next layer. The process above was repeated to obtain the desired thickness of the ITO thin film layers. In order to investigate the effect of annealing temperatures on the quality of ITO thin films, the samples were treated at various temperatures such as 500, 550 and 600 o C in the mixture of O 2 : N 2 gases ratio of 1 : 4. For each temperature, the annealing time is 10 min.
The crystallization and the orientation of the ITO thin films were analyzed by X-ray diffractometer (XRD, Bruker D5005) at room temperature, using the Cu-Kα radiation with wavelength = 1.5405 Å, and the incident angles 2 in the range of 10° to 70° with the step of 0.03°. The morphological property of the ITO thin films was observed by using scanning electron microscopy (Nova NANOSEM 450) and atomic force microscope (AFM XE 100 Park System). The electrical properties of ITO thin films were investigated by a four-point probe technique and Hall effects measurement method at room temperature. The transmittance of ITO thin film was measured by UV/VIS spectrophotometer, for which the ITO thin film was deposited on a quartz substrate at 600 o C. Figure 1 shows the crystal structure analysis of the ITO thin films. The results exhibit a clear polycrystalline behavior with (222) and (440) orientations of ITO thin films. In this experiment, the annealing temperatures were not found to cause a considerable change in the stoichiometric structure of ITO thin films, when investigating from 500 to 600 °C, from a viewpoint of XRD measurement. o C and (c) 600 o C. One can observe that the surface morphology of all ITO thin films is uniform and seems to be formed by small nano-sized grains. Also, we can see that the grain size is increased with increasing the annealing temperature, that is, the crystalline quality of the ITO thin film becomes better when the annealing temperature is increased. In fact, we estimate that the grain size of the sample annealed at 550 o C is about 12 nm. Beside SEM observation, we also used AFM to investigate the surface roughness of ITO thin films. Figure 3 points out an AFM image of ITO thin film annealed at 600 o C. The grain size obtained in Fig. 3 is matched with that observed in Fig. 2 (c) . The mean square roughness (Rms) of this sample is about 0.25 nm, which is quite small and comparable with the values reported by other authors [10] . In order to determine the thickness of ITO thin films deposited on SiO 2 /Si substrates, the cross-sectional SEM observation was carried out as can be seen from , if increasing the annealing temperature from 500 to 550 o C. However, it then dropped to 5.787 × 10 20 cm -3 at 600 o C. From this result, we can extract that the temperature of 600 o C is optimum to achieve the highest conductivity, corresponding to the lowest resistivity of 3.02 × 10 -3 Ω.cm. This value is suitable for electrode application in the TCO devices such as LED, solar cell and transistor memory, even the simple fabrication process is utilized instead of the conventional vacuum process. In the total investigation, the best quality ITO thin film in the case of SiO 2 /Si substrate was also prepared on a quartz substrate at 600 o C, in order to investigate its transmission possibility. Figure 5 shows optical transmittance spectra of the ITO thin film deposited on a quartz substrate. the absorption of the quartz substrate is subtracted. This is actually comparable with the ITO thin film as reported by the other groups [11 -13] . From Fig. 5 , the band gap of ITO thin film is extracted to be 3.89 eV, and this value is closed to the theoretical and experimental results as reported previously [14] . Generally, the performance of TCO thin films can be quantitatively evaluated by using a parameter named as figure of merit (FOM). The FOM ( ) is expressed through the following equation [15] :
RESULTS AND DISCUSSION

Rs
In this formula, T and R s are corresponded to the transmittance and the sheet resistance of the TCO thin film. Using the equation above, we have calculated that the is about 0.158 × in our case. Table 2 presents a comparison of ITO thin films quality, in which they were deposited by sputtering or sol-gel technique. One can be seen that the of this work is 7.5 times lower than that of the ref. 17, but 2 times higher than that of the ref. 18. Although the obtained is still much lower than that obtained from sputtering technique, our process is non-vacuum and less material and low energy consumption. 
CONCLUSIONS
In this work, the 180-nm-thick ITO thin films were successfully fabricated on SiO 2 /Si and quartz substrates by a solution-processed method with multi-annealing assistance. Whole ITO thin film samples exhibited a single-phase structure with preferential (222) and (004) orientations. There were not any surface cracks for all cases, and the grain size increased with the increment of annealing temperature. The lowest sheet resistance of ITO thin film annealed at 600 °C was estimated to be 220 Ω/□ with respect to resistivity of 3.02 × 10 -3 Ωcm, and the optical transmittance is around 90 % in the visible region of the natural light. As a result, we estimated that the figure of merit is approximately 0.158 × . It means that the ITO thin films are suitable to low-cost and simple process, which might bring some promising challenges for application of the TCO electrodes in solar cells, LEDs, transistors or other electronic devices.
